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CONVERSION TABLE

MULTIPLY » BY _ TOGET
TOGET o BY ¢ DIVIDE
angstrom 1.000 000 X E -10 meters (m)
atmosphere (normal) 101325 XE +2 kilo pascal (kPa)
bar 1.000 000 X E +2 kito pascal (kPa)
bam 1.000 000 X E -28 meter? (m?)
British thermal unit (thermochemical) 1.054 350 X E 43 joule ()
calorie (thermochemical) 1.184 000 joule (J)
cal (thcrmochemical)/cm2 4. 184 000 X E -2 mega joule/m2 (MJ/mZ)
curie 3.700 000 X E +1 *giga becquere!l (GBq)
degree (angle) 1.745329 X E -2 | radian (rad)
degree Fahrenheit = (0 + 459.67)/1.8 ! degree kelvin (K)
electron volt 1.60219 XE -19 joule (J)
erg 1.000 000 X E -7 joule (J)
erg/second 1.000 000 X E -7 watt (W)
foot 3.048000 X E -1 meter (m)
foot-pound -force 1.355 818 joule (J)
gallon (U.S. liquid) 3.785412 X E -3 meter3 (ma)
inch 2.540 000 X E -2 meter (m)
jerk 1.000 000 X E +9 joule (J)
joule/kilogram (J/kg) (radiation dose
absorbed) 1. 000 000 Gray (Gy)
kilotons 4.183 terajoules
kip (1000 1bf) 4.448 222 X E 43 newton (N)
kip/inch? (ksi) 6 894 757 X E +3 kilo pascal (kPa)
ktap newton-lecmd/mz
1.000 000 X E +2 (N-s/m?)
micron 1 000 000 X E -6 meter (m)
mil 2.540 000 X E -5 meter (m)
mile (international) 1.609 344 X E +3 meter (m)
ounce 2.834 952 X E -2 kilogram (kg)
pound -force (Ibs avoirdupois) 4. 448 222 newton (N}
pound-force inch 1.129 848 X E -1 newton-meter (N-m)
pound -force /inch 1. 751 268 X E +2 newton/meter (N/m)
pound -force foot? 4.788026 X E -2 kilo pascal (kPa)
pound -force/inch2 (psi) 6. 894 757 kilo pascal (kPa)
pound-mass (lbm avoirdupois) 4.535924 XE -1 kilogram (kg)
pound -mass -l’oot2 (moment of inertia) kilogram —me&er2
4.214011 X E -2 (kg-m2)
pound-mass/foot3 kilogram/meter3
1.601 846 X E +1 (kg/m3)
rad (radiation dose absorbed) 1.000 000 X E -2 | +sGray (Gy)
roentgen coulomb /kilogram
2.579760 X E -4 (C/kg)
shake 1.000 000 X E -8 second (s)
slug 1.459 390 X E +1 kilogram (kg)
torr (mm Hg, 0° C) 1.33322 XE -1 Lkllo pascal (kPa)
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*The becquerel (Bq) is the St unit of radioactivity; 1 Bq = 1 event/s.

**The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION I K
INTRODUCTION -

Photons incident on systems penetrate walls creating
free electrons within the materials and cavities of the
system. The moving electrons, created by the photons or as *
replacement currents on the walls, generate electric and :
magnetic fields. This process is usually called an internal :
electromagnetic pulse (IEMP). As a result of these &
electromagnetic transients, IEMP can potentially damage the

electric components within enclosures. This effect is -

present even though the box may be well shielded to the
(1,2)

| MO

external electromagnetic fields.

. Combined with the IEMP is the interaction of this same
. radiation with the cables and circuit cards of the system.

The radiation causes direct charge transfer between elements

SRR
* f

‘l’l'l'l

LR

such as the lands, ground planes, interconnections and box

:: walls. This process is called system generated EMP
- (scemp) . [373]

B RAINIL .

In order to better understand the IEMP/SGEMP effects at

the circuit card level, a number of analytical studies and
6-12)
a.l

ey

“~

"

: experiments have been performe In this report, the
¥ ]

.”-,] ‘) .‘.

results of two experiments are presented. Both generic and
complex circuit cards were irradiated by the Modular

L4

: Bremsstrahlung Source (MBS), and the Blackjack 3 (BJ3) source
; at Maxwell Laboratory. The MBS provides a low energy

o

PRI

(<E>~24KeV) and low fluence spectrum. BJ3 provides a high
energy (<E>~650KeV) and high fluence spectrum. The purpose

& *|

of these experiments was to (1) verify and expand the data

I )
LA

taken at a previous experiment at MBS where anomalous

-,
‘-
R




responses were observed, and (2) extend the data base to

higher fluences that more nearly represent system
specifications.

The first experiment at the MBS facility was designed to
confirm and better characterize the anomalous response
observed previously when real circuit cards we:e irradiated
under various pressures and voltage biases. The response had
been observed to change sign with bias, decrease from shot to
shot, and return to its original value if set aside for
several hours. Some of this behavior has been seen in cards
[5, 8] and cables [3, 4] by other experimenters but has not
been adequately explained.

The second test at the BJ3 facility was designed to
measure the response at conditions of high fluence, 10 to 50
times that of the MBS. This serves two purposes. First is
to provide a validation of models that are normally only
valid at low fluences. The second is to provide data for
better understanding of the anomalous effect. The card's
response dependency on shot history can be partially
explained by the trapping of charge within the dielectric.
This charge can move under the influence of radiation
creating a net dipole movement. This moment reduces the
response in short periods (minutes) of time but will relax
after long periods (hours). If this is true, the large
movement of charge under high fluence should dominate the
effect of the trapped charge, reducing or eliminating the

time varying or anomalous response.
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" SECTION 2 !
) CIRCUIT CARD IEMP/SGEMP MODELS :;
> «§
" ]
5 Detailed models of the card response have been Q
thoroughly discussed in the previous report[3] and N
7 elsewhere[8] and will only be summarized here. Three o~
ﬁ mechanisms allow for the transfer of energy in the box IEMP ﬁf
3 coupling processes; direct transfer of charge, capacitive ;
: coupling, and inductive coupling. Direct transfer of charge :f
is the movement of electrons through interaction with the he
photon environment. This transfer may be between surfaces ﬁ
< such as wall to card, bulk currents within dielectrics, and a §
. dipole layer formation within dielectrics from a storage or
Y buildup of charge. LS
N Energy is coupled between objects through the time rate ;:
. of change of the electric fields. These varying fields cause f
¢ currents to exist on conductive surfaces within the boxes. .5
:j The current driven is proportional to the time derivative of i
- the voltage created by the electric field and the capacitance X
9 defined by the geometry. o
; b
X The time rate of change of the magnetic field inside a $
" loop geometry will create an induced voltage around f;
: the loop. The magnitude is proportional to this B and the X
. area of the loop. -
L) $ ¥
) B
- Two other mechanisms have been shown to modify the %
n response of the cards.[S] The first mechanism is a result of h
N electrons trapped within the dielectric of the card. (8] rhis -
Dy stored charge increases with each pulse until a plateau is f:
N achieved after a number of pulses. The number depends on the ~f
NG

4. P L R A % e MM LT AN T L e - B P IR T T P e T SO L I TR ‘..‘
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o
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frequency of the shots. The card relaxes overnight. ,'.':
e_:.-

o
The second mechanism is a result of circuit card bias. WG

i
The pre-charged card attracts or repels secondary electrons —
resulting in an enhanced or reduced response depending on the ::_‘_
l.'.u.

sign of the bias. [5.9] o
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SECTION 3
MBS EXPERIMENTAL CONFIGURATION

Two complex and one generic circuit cards were tested at
the MBS facility. The complex cards tested were the same
Martin Marietta cards used in the previous experiment.[s]
Each of the cards contained four conductive layers consisting
of two signal planes, a ground plane, and a supply plane
(Figure 1). The copper lands cover about 20% of the area of
the face of the card. The actual dimensions of each card
were 15 cm by 8.8 cm by 0.11 cm. Each card was mounted to an
alumium heat sink 0.32 cm thick. The two cards were mounted
side by side for the test, one with the lands facing the MBS
source and the other with the heat sink facing the source.
Four measurements were taken for these cards. The response
of the ground plane was measured directly by a scope (Figure
2). The response of the supply plane was either measured
directly or through a 1 nf isolation capacitor. For some
measurements bias was applied through a 100 Q resistor. 1In
addition, a 10 Mn resistor to ground was installed to insure
that free charge buildup on the supply plane was not the
source of the anomalous measurements. The aluminum heat sink
was also grounded to the aluminum box.

The other card was idealized or generic in that it
consisted of only a supply plane, dielectric and a ground
plane (Figure 3). The supply plane was directed towards the
incoming radiation. Both planes were 1.4 mil solid copper
(no lands). The same circuitry was attached to this card as
the previous card (Figure 2). A second version of this card,
covered by 0.25 cm of glyptol, was tested at MBS. The
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glyptol represents a possible low Z carbon covering to reduce

electron emission.

PRl i

The circuitry inside the experimental cavity was
' shielded with mylar-covered lead. The signal lines were
semi-rigid coaxial lines running to a screen room. The noise

r, level was below a millivolt.

The low energy photon experiment was performed at the
Modular Bremsstrahlung Source (MBS) facility at Maxwell
Laboratories. The single module source provides an electron
spectrum with a mean energy of 125 KeV that is converted to a
low energy x-ray spectrum with an average energy of 25 KeV.
- This spectrum is characterized by the use of a flat response
N diode with a zero-to-peak rise time T1=14 nsec and a FWHM r =
21 nsec. The energy spectrum is shown in Figure 4.

The experiment was housed in an electromagnetically

shielded aluminum box. This box was placed in an aluminum

[ S SR

cylindrical vacuum chamber. The vacuum chamber resonates
electromagnetically and contaminates the data with high
frequency noise unless the experiment is adequately shielded

33 by the second aluminum box.

. Between the tantalon converter and the experiment were

g three filters. The first is a 105 mil mylar shield that acts
J as an electron catcher for the electrons produced by the MBS
: machine. The second and third filters were 1 mil aluminum

foil that provide an RF cover for the canister and experiment

o4

box cover respectively. The filtered spectrum is shown as

the second curve in Figure 4.

A A

1,

The energy spectra are scaled to the experiment by the
use of the analysis of TLD dose measurements taken during the
experiment. The dose per shot measured on the face of the
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cards was 126*23 Rad(Si) averaged over the face of the card.
On the outside of the box, the average dose was 182
2*tRad(si). These measurements of dose are in good agreement
with analytical predictions of dose of 119 Rad(Si) and 184
Rad(Si), respectively, provided by Maxwell. This comparison
gives confidence in using the measured dose to scale the

transport calculations and to extrapolate to higher fluences.

In order to calculate the electrons produced by the
x-rays, the Maxwell spectrum was transported through the
mylar and the two aluminum shields. This was accomplished by
using Quickez.[13] The spectrum is exponentialiy attenuated
by the code with no scattering. The materials are reasonably
thin and of low density so that little scattered radiation
contributes to the spectrum. This assumption was checked
using FSCATT. The difference was about 2%. The calculated
dose on the face of the box was 45.8 Rad(Si). This gives a
scaling or renormalization factor of 4.0. A comparison with
the TLD data for the dose on the face of the box gives 141.2
for the calculated dose versus 126123 for the measured dose.

The two values are in good agreement.

A prediction for the plane-box short circuit current

source is given by

107
o = - —p— F(£) 88 [(Q - Qpg) + (0 - Qp)] (amps) ()

?

where AA is the area of the card, I is the full width,
half-maximum of the pulse, f(t) is the normalized time
waveform of the pulse, Qp is the forward emission from the
box wall, Qr is the reverse emission from the box wall, QFB
is the forward emission from the card, and QRB is the

reverse emission from the card.




Evaluating the above eguation for the MMA card yields
Isc = 17.2 ma or an equivalent voltage of V= 860 mV into 50 °

For the same card shielded from radiation by the
aluminum heat shield, the short circuit current is
I.. = 5.3 ma or an equivalent voltage of V = 267 mV into 50
Using the same equation for the generic cards gives short
circuit current predictions of ISc = 249 ma or an equivalent
voltage of V = 12.5 V into 50 » for the uncoated card and
ISc = 47.2 ma or an equivalent voltage of V = 2.4 V into 50
for the coated card.

3.1 MARTIN MARIETTA CARD EXPERIMENT

Two Martin Marietta cards (MMA) were placed side by side
in the aluminum box and pulsed simultaneously. One of the
circuit cards faced the incoming x-ray pulse with its
aluminum heat shield behind it. The other had the heat
shield facing the beam shielding the card. Data was taken at
ambient and vacuum air pressures (<10_3 torr). Typical
responses of the supply and ground planes are shown in
Figures 5 and 6 for ambient and vacuum pressures,
respectively. The observed wave forms follow the time
history of the driving pulse, suggesting that the x-rays
drive the card directly rather than through the electric or
magnetic fields. Coupling via electric fields would follow

the time derivative of the drive.

The shots on the MMA card were made with various
combinations of biasing, +28v, 0, -28v, and air pressure.
These combinations are summarized in Table 1. The results
are shown in Fiqure 7 for both the supply and ground planes
of the two cards as a function of shot number. Shot 42 was
taken after the card was not used for fourteen hours. The
data show several trends:; the magnitude of the response is a

function of shot number, the card remembers the polarity of
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: TABLE 1. Summary of pressure and bias voltage for MMA card :3':
i (MBS SPECTRUM) \
) :::"
Y
7
-
SHOT NUMBER PRESSURE BIAS VOLTAGE
CARD 1 (VOLTS) CARD 2 (VOLTS) ..:,.:
--"a
' 32 Ambient 0 0 oo
' 33 Ambient 0 0 N
34 Ambient 0 0 ~
35 Ambient +28 -28 e
36 Ambient +28 -28 N
37 Ambient +28 -28 S
38 Ambient -28 +28 o
39 Ambient -28 +28 N
40 Ambient -28 +28 .
41 Vacuum 0 0
42 Vacuum 0 0 =
43 Vacuum 0 0 oy
44 Vacuum +28 -28 ,::_‘..'
45 Vacuum +28 -28 7
46 Vacuum +28 -28 s
47 Ambient +28 -28 )
48 Ambient +28 -28 o
49 Ambient +28 =28 :{3
50 Vacuum +28 -28
51 Vacuum +28 -28 R
52 Vacuum +28 =28 V)
53 Vacuum +28 -28
54 Vacuum +28 -28
55 Vacuum +28 -28
56 Vacuum +28 -28
57 Vacuum +28 -28
58 Vacuum +28 -28
59 Vacuum +28 -28
60 Vacuum +28 -28
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b (a) Supply Plane Voltage with Isolation Capacitor in Series
(Scale: 10 mV and 20 ns per division)
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" (b) Ground Plane Voltage (Scale: 50 mV and 20 ns per division)

Figure 5. Typical MMA card response for MBS spectrum at ambient pressure with
- 0 bias voltage
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Figure 6. Typical MMA card response for MBS spectrum at vacuum pressure R
» and with 0 bias voltaqe )
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: the bias even though the bias is removed, and positive bias P
; results in positive current flowing onto the card from the box. A
! These results are all consistent with the previous experiment. EC
The predicted value of 860 mV is a factor of three high over E:?
. the measured value, Shot 41. The response of this card was over E;
‘ predicted in the previous experiment also. The complexity of the ri
. multi-layered card may not be adequately modelled. The low =
measured value shows that the supply plane does not couple =5
strongly to the land plane (Figure 1). The assumption in the Eﬁ
calculation was that the two would follow each other. The ground i}
plane-supply plane capacitance effectively shields the supply e
plane from the response of the land plane. ’3%

A comparison between Shots 32-34 and 41-43 gives the i}
difference between the response for ambient and vacuum 24
conditions. 1In the previous experiment, a large difference was -
measured but calculations accounted for only a forty (dry air) to &;

twenty (moist air) per cent reduction at ambient pressure due to ;i

) the shorting out of the fields by the induced conductivity in the o
air. In this experiment little difference is seen between the two o
responses. This is in agreement with the prediction. 5%

N

The effects of positive and negative bias have been explained =
by the attraction (or repelling) of low energy secondary and ;Q
conduction electrons causing an enhanced (or :iQ
reduced) response.[l’2'3] The time dependent response of the ;i

cards may be gqualitatively explained by the radiation enhanced A~
dielectric conductivity of the card. Trapped charge creates a NN
dipole moment with a time constant of hours or days. This moment :?“
results in a lower response for a set of responses taken at a g:

similar time. Even after overnight, the responses may not have

returned exactly to "normal" as seen with Shots 32-34 and 41-43. A

. TatanT

w ‘..A.c..' X '-‘4 R S T DA '.‘.'.
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o The measured values of the peak currents incuced on the i‘
:‘ supply plane and ground plane at both ambient and vacuum pressures $‘
h' ;’

0 and for both 0 and +28v biases are extrapolated to higher dose

rates in Figure 8. The extrapolation was accomplished by assuming

-

i that the induced current is directly proportional to the dose
i rate, D.
p

YN YIVW

3.2 GENERIC CARD EXPERIMENT

i The same experiment was repeated with a generic card. This :5
;Z simple geometry (Figure 3) was chosen in order to obtain a better f
understanding of the anomalies observed with the complex card. f‘
N The same experimental apparatus was used. Card #1 was constructed .
x as shown in Figure 3. Card #2 was the same but was coated with ;3
z ten mils of carbon (glyptol) to reduce emission from the surface. §
Typical responses of the supply and ground planes are shown in
) Figure 9 and 10 for ambie.t and vacuum pressures, respectively. :;
z 5
N Figure 11 presents a summary of the peaks of the ﬁ
responses as a function of shot number where the shot conditions i
ﬁ are summarized in Table 2. The prediction for the vacuum response -
? of the card is within a factor of 2 of the measured value. The 3
. measured response at vacuum pressures is also a factor of eight B
higher than the response measured at ambient pressure. This -
. increase is significantly different than for the MMA card. The ;j
'; faces of the generic card are totally covered by copper which o
i results in a factor of four increase in primary electrons. This, N
in turn, significantly increases the ionization of the air causing
. the response to be shorted out. ;_
. Because of the solid copper faces of the card, the response ;
) of the card is driven by the charge transfer between the card and &
.. the box. This accounts for the large difference between the .
2 ambient and vacuum response. This also minimizes the effects of Ei
x radiation induced conductivity and trapped radiation effects. The :3

17

. YAy " N IR I R SRR A T AT e A e ».._..._.,-.‘ ettt

W AN




1,
, X
L
E »
g ok
f L3
“ "
;
»
Y]
: .l
L ]
'
1w ‘
L 1
»
. !
b ~‘
4 o
£ -
v o
. .
A o~
"; _::
"&
-
-
b~ :_:.
X =
N "
- ~
) hy
o, A
3 e
A
o
L .
10%— RS T 0 T ; "
. 10 10 10 10 10 103 o
. D RAD (Si)/SEC )
j-
"
; a
L] ..\
: s
. $s

L Fiqure 8. Summary of MBS experimental data for MMA card .
: extrapolated to higher dose rates R

-~

ol Tttt T T T e e T T T T e T e e
NN S AR A A A R AN R A PO AN




a7 - -’ g
h

ol

EaCb o e

:l VeSSl

2* A

e a n N

DR

(a) Supply Plane Voltage (Scale: 500 mV and 20 ns per division)

(b) Ground Plane Voltage (Scale: 500 mV and 20 ns per division)

Figure 9.

Typical generic card response for the MBS spectrum at ambient
pressure and with 0 bias voltage
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Supply Plane Voltage (Scale: 500 mV and 20 ns per division)

(b) Ground Plane Voltage (Scale: 5 V and 20 ns per division)

Figure 10. Typical generic card response for the MBS spectrum at
vacuum pressure and with 0 bias voltage
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Table 2. Summary of pressure and bias voltage for generic
card (MBS SPECTRUM)
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CARD NUMBER | SHOT NUMBER PRESSURE BIAS VOLTAGE (VOLTS)
1-Uncoated 71 Ambient 0
) 1-Uncoated 72 Ambient +28
! 1-Uncoated 73 Anmbient -28
1-Uncoated 74 Vacuum 0
: 1-Uncoated 75 Vacuum -28
X 1-Uncoated 76 Vacuum -28
1-Uncoated 77 Ambient ~28
y 1-Uncoated 78 Ambient -28
2-Coated 79 Ambient 0
2-Coated 80 Ambient 0]
2-Coated 81 Ambient +28
2-Coated 82 Anbient +28
2-Coated 83 Ambient -28
2-Coated 84 Vacuum +28
; 2-Coated 85 Vacuum +28
. 2-Coated 86 Ambient +28
; 2-Coated 87 Ambient +28
\l
23

..-,-
N -

.

-

PP E s

4

.rr<, ?5$.-
i | PN
-

. v
R

»
wh ity



T

T v ¥ T

B gt e = L e o

response is not changed a great deal (factors of 2) by biasing the
card as it was with the MMA card (factors of 8). The magnitude of
the response at one bias and pressure decreases with shot as with
the MMA card, but the dependence is less.

The measured values of the peak currents induced on the
supply plane and ground plane for 0 bias and at both ambient and
vacuum pressures are extrapolated to higher dose rates in Figure
12. Again, the extrapolation was accomplished by assuming that
the induced current is directly proportional to the dose rates.

3.3 SUMMARY OF MBS RESULTS

This second test at the MBS facility has successfully
duplicated the results of the first test. The response as a
function of the time and dose history of the card was again
observed. The response of the MMA card under ambient conditions
was consistent with prediction. The results did not appreciably
differ from those in a vacuum.

The response of the generic card was predicted within a
factor of two using Equation (1). However, the response was
greatly over predicted for the complicated MMA card. The simple
analysis does not correctly model the response of more
sophisticated geometrics where multiple planes can decouple the

response of the internal planes from the box to card driver.
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SECTION 4
BJ3 EXPERIMENTAL CONFIGURATION

In order to investigate the response characteristics of the
circuit cards exposed to high fluences, an experiment similar to
the one using the MBS spectrum was performed at the BJ3 facility
of Maxwell Laboratories. This facility provided a higher dose
rate of about 3.Ox1011 Rad(Si)/sec with an average photon energy
of <E>~120 KeV. This is compared with 7.0x102 Rad(Si)/sec and
<E>~25 Kev. Those dose rates were measured at the outer surface

of the aluminum that housed the experiment.

The experiment was housed in an aluminum box to provide
shielding from the BJ3 electromagnetic environment. Semi-rigid
coaxial cable was used to connect the aluminum box to the screen
room. All of the coaxial cable was housed in a flexible metal
pipe that provided additional shielding. The RF pickup appearing
as noise was negligible.

The x-ray spectra was filtered by eight layers of material.
Six of the layers were Grafoil, each 15 mils thick, and one layer
of Kevlar, 140 mils thick, were used to attenuate electrons and
debris from the tantalum converter. The eighth layer was provided
by the aluminum box cover which was 62.5 mils thick. Figure 13

gives the BJ3 spectrum before and after it interacts with the
aluminum cover.

The energy spectra were scaled to TLD dose measurements taken
with each shot. All the shots were normalized to 4.2x10t!
Rad(Si)/sec. The measurements had a spread of 2.1x1011 to
4.2x1011 Rad(si)/sec. The average dose was 3.5x10'1 Rad(si)/sec.
These doses represent an average of three measurements made over
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the face of the card. The doses varied less than 3 percent over
the face of the card.

The same cards were used as in the previous experiment with
the MBS spectrum. The generic card was divided in half and one
half was coated with Kapton (30 mils) to suppress electron
emission. Both halves were placed side by side and pulsed
simultaneously.

4.1 MMA CARD EXPERIMENT

A typical MMA card response for the BJ3 spectrum at ambient
pressure and with a bias voltage is shown in Figure 14. The wave
forms show that the response of the card follows the direct charge
transfer between the box and the card.

The peak amplitude of the measured voltages for the MMA card
as a function of shot number is presented in Figure 15 for the BJ3
spectrum. For shot numbers 7, 12, and 13, the ground plane

voltage exhibited a bi-polar response. The magnitude of each peak
is shown in Figure 15. The pressure and bias voltage for each
shot is summarized in Table 3.

Table 3. Summary of pressure and bias voltage for MMA card
(BJ3 SPECTRUM)

SHOT NUMBER PRESSURE BIAS VOLTAGE (VOLTS)

Ambient 0
Ambient +28
Vacuum +28
Ambient +28
Ambient -28
Vacuum -28
Ambient -28
Ambient 0
Ambient 0
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(a) Supply Plane Voltage (Scale: 2V and 20 ns per division)

(b) Group Plane Voltage (Scale: 2V and 20 ns per division)

Figure 14,

Typical MMA card response for the BJ3 spectrum at ambient
pressure and with 0 bias voltage
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SHOT NUMBER

MMA card BJ3 response for supply and qround plane as a
function of shot number
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A prediction for the supply plane response at ambient
pressure can be made by extrapolating the MBS pulse to the BJ3
dose. The BJ3 dose is 43 times the MBS. From Figure 8, the
extrapolated response for the supply plane at ambient pressure and
0 bias voltage is 40 ma or 2 volts. The measured value is 4
volts. This result is consistent with the MBS spectrum having

more energy in the 20-70 KeV range.

An analytic prediction can be made using the Equation 1. The
predicted voltage for the MMA card is 23 volts. No direct
measurement of the card under vacuum/no bias conditions was made.
From the measurements, however, the response does not change a
great deal with bias under ambient conditions. This result is
consistent with the premise that the card response is driven by
the box-card currents rather than by the induced currents within
the card. 1In Figure 16, the measured responses of the MMA card
for the BJ3 spectrum are extrapolated to threat; again it was
assumed that the card response is directly proportional to dose
rate.

4.2 GENERIC CARD EXPERIMENT

Typical results for the response of the generic card to the
BJ3 spectrum are shown in Figures 17 and 18 for ambient and vacuum
pressures respectively. The plot of peak voltage versus shot is
shown in Figure 19 for the supply alone. The shot conditions are
summarized in Table 4. Again, the response is dominated by the
currents flowing between the card and the box. The ambient
response as a function of bias voltage does not change
significantly between shots. The vacuum response is a factor of
three higher than the ambient. This response is dominated by the
large electron current between the copper card and the box.
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Figure 16. symmary of BJ3 experimental data for MMA card
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(a) Supply Plane Voltage (Scale: 5 V and 20 ns per division) ‘2
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Figure 17. Typical generic card response for the BJ3 spectrum
at ambient pressure and with O bias voltage
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Figure 19. Generic card BJ3 response for both coated and uncoated
cards as a function of shot number
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Y Table 4. Summary of pressure and bias voltage for generic f
» card (BJ3 SPECTRUM)
o~ -
R SHOT NUMBER PRESSURE BIAS VOLTAGE (VOLTS) o
nY .
- 14 Ambient 0 L
L. 15 Vacuum 0 ‘
16 Ambient 0 ,
A 17 Vacuum +28 v
> 18 Ambient +28 ‘&
xy 19 Vacuum -28 o
¥ 20 Ambient -28 X
& 4
\ 3
I
& 5
y The predictions for the vacuum response for these cards using ;
‘ Equation 1 are 55 and 119 volts for the coated and uncoated cards, =
. respectively. These results are within sixty percent for the ﬁ
N uncoated card but a factor of nine high for the coated card. .
» An interesting characteristic of the responses under ambient 2
o conditions is that the responses of the two cards are the same. -
- Both follow the primary electron current. The secondary electrons -
L "
,j in the air shorting out the response produces the same reduction o
e in current flowing onto each card. The response of the coated A
N card is similar under vacuum and ambient conditions. 1In Figure k
-\ _'.
5 20, the measured response of the uncoated generic card for the BJ3 e
‘N spectrum is extrapolated to threat; again, it was assumed that the X
[y
’ card response is directly proportional to dose rate.
+
- e
R 4.3 SUMMARY OF BJ3 TEST A
Lo, .'
X g
. The most significant result of this test is that scaling to
" higher fluence levels is accurate at least for the spectrum and -
-
3 doses of the two facilities used at Maxwell Laboratories. No new 2
y .
X non-linealities or anomalies were observed. The responses cf the N
!
& 2
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Fiqure 20. Summary of BJ3 experimental data for generic
card extrapolation to higher dose rates




cards were dominated by the box to card currents. The effects of
dipole layer formation and charge buildup were much less

significant for the BJ3 spectrum than for the MBS spectrum and
dose rate.
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SECTION 5
CONCLUSIONS AND ISSUES

Extrapolations need to be made from the response of blank
multi-layer generic cards to those with components of real
hardware. In these tests, card response has been defined as the
currents flowing on or off ground or supply planes. Applying the
results of these tests to actual cards can be accomplished in a
bounding manner. One extreme would be to put all of the current
onto one land of a device. For this comparison, the results of

the BJ3 test with the generic card under vacuum and no bias are

used. These curves are shown in Figure 19.[8] A lower bound

would be the second set of curves on the same figure which
represent the current from 1 cm? of land. For the
unhardened 60 cm? board, components begin to fail at 10t
Rad(Si)/sec. This is conservative because most devices are
biased. At the present, the amount of current that will attach to
a particular land is not known. The approach suggested here is to
use the larger value until such time that the current coupling
from land to device is better understood. The mechanism of this

coupling should be examined in a future program.

Figure 8 shows, in part, the response of the plane that is
‘next to the aluminum heat shield (Figure 1). The response here
approximates the plane to plane response of a multi-layered card.
For both ambient and vacuum unbiased conditions, about a 70 mV or
1.4 ma transient was seen. This current would pass from plane to
plane via components that connect the planes.

Many of the components that connect circuit cards to boxes or
connect planes of cards are either hardened or are constructed
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robust enough to survive the transients described here and
elsewhere. Examples include IC already hardened for TRE effects,

clipping diodes and series limiting resistors. Noting the

]
sy

'- a'a 8 A A A

» omy -
'y “¢
 _*,

existence of each component, the technology exists for hardening

f"" J

j boards to many aspects of these IEMP transients. What is unknown =z
y is how standard are these practices used in designing circuit N
! boards? A future program should look at this issue. f;
[l
. The induced conductivity of the air under ambient conditions i
ﬁ[ limits the response of the cards by shorting out the induced 3
3 voltage. The magnitude of this effect has been adequately Ei
predicted for the MMA card and noted previously.[3’5] For the
p." generic card (the total face covered with copper) the response is N
': under predicted. The response is under predicted by a factor of i
j five for BJ3 spectrum and a factor of eight for the MBS. 1In P
M addition, the time history is not adequately modelled. The =
. bipolar pulse shown on Figure 6 is not predicted by the analytical gf
Q model. This issue should be examined in future efforts. i‘
X »
N In the first test with the MBS spectrum for the MMA card, the ';
% response was over predicted. The simple formulation (Ref. 5, 8) i
. for generic like cards did not adequately model the response of a i
E complex multi-layered card. Results from this report and the 'i
% previous references have shown that for simple cards, the i
responses can be adequately modeled. Efforts should be applied to %
understand the response of circuit cards that are currently being ::
fielded in electronic systenms. -]
b ;
%
, %
r 40 !
: 3
4 et

N T T S N DR W U VAR S
. T e . . . e e e T e e T e e e T T e T T T T T e Ut Te el

S LS CX OGO OGP P ORI S A G ST




oy ¥
2ol S

. vh §
R

PR

L] -." _'j :l _" _‘l

e
-

X

«
L]
rs

. -~
2 a a

[SLN A e

SECTION 6
LIST OF REFERENCES

D.E. Merewether and R. Fisher, "Finite-Difference Solution of
Maxwell's Equations for EMP Applications," EMA-79-R-4,
January 15, 1982.

C.L. Longmire, "On the Electromagnetic Pulse Produced by
Nuclear Explosions," IEEE Trans. Ant. Prop., Vol. AP-~26,
No. 1, January 1978, p. 3.

Charles E. Wuller, L. Carlisle Neilson, and David M. Clement,
"Definitions of the Linear Region of X-Ray-Induced Cable
Response," IEEE Trans. Nucl. Sci., NS-25, No. 4,

pp. 1061-1067, August 1978.

D.L. Shaeffer, "A Phenomenological Approach to Cable SGEMP
Modeling," IEEE Trans. Nucl. Sci., NS-30, December 1983.

W.R. Zimmerman, et al., "Preliminary Analysis and Test
Results for Circuit Card IEMP/SGEMP Phenomena,"
DNA-TR-81-321, October 1, 1983.

W. Seidler,R. Keyser,. D. Walters, and H. Harper, "The Limits
to Hardening Electronic Boxes to IEMP Coupling," IEEE
Trans. Nucl. Sci., Vol NS-29, No. 6, December 1982, p. 1780.

D. Walters, William Seidler, and Joy Sargis, "The Role of
Secondary Electron Collection in Box IEMP Coupling," IEEE
Trans. Nucl. Sci., NS-31, December 1984.

el

SN \'



o
. i d
f 'h:
) '
5\
B 8. L.D. Singletary, et al., IEEE Trans. Nucl. Sci., NS-21, a
5 PP. 291-94, December 1984. :ﬁ
W : "

9. R.L. Fitzwilson et al., IEEE Trans. Nucl. Sci., NS-21,

i pp. 276-83, December 1974. %
. b
-’ b
S 10. E.P. dePlomb, et al., "Analytical Modeling and Experimental 0
o Cg
- Testing of Pressure Effects in Small Cavities Coupled to
. Circuitry," IEEE Trans. Nucl. Sci., NS-21, December 1974. ;!
> 11. T.A. Dellin, R.E. Huddleson, and C.J. MacCallum, "Second A
f' Generation Analytical Photo-Compton Current Methods," IEEE
b Trans. Nucl. Sci., NS-22, No. 6, pp. 2549-2555, December o
Ly .~
N 1975. B
- ‘
- &
. ~
: e
. ﬁ;
o &
2 R
S Y
.- ,
- >
2 "
[ o
N -
) )

o
! A
. '
: 7
. : :: )
: X
.l

=

42 i




[ e uff Ba¥ 0 N

! L) "‘ ‘",‘- -

v

s 2 a 2 2 2 * 3 o L

- X b3 R M)

PO,

DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

ASST SECY OF DEF CMD CONT COMM & INTEL
ATTN: ASSISTANT DIRECTOR (SYS)
ATTN: DASD(P&R)

ASSISTANT TO THE SECRETARY OF DEFENSE
ATTN: C31
ATTN: EXECUTIVE ASSISTANT

COMMANDER IN CHIEF, PACIFIC
ATTN: C3SRD

DEFENSE COMMUNICATIONS ENGINEER CENTER
ATTN: CODER123 TECH LIB

ATTN
ATTN

ATTN:

: CODE R400
. CODER720
R111

DEFENSE INTELLIGENCE AGENCY
ATTN: DT SCI-TECH INTELL
ATTN: RTS-2ATECH LIB
ATTN: RTS-2B

DEFENSE NUCLEAR AGENCY
ATTN: RAEE
ATTN: RAEV

4 CYS ATTN: STTI-CA

DEFENSE TECHNICAL INFORMATION CENTER
12 CYS ATTN: DD

FIELD COMMAND DNA DET 2
LAWRENCE LIVERMORE NATIONAL LAB
ATTN: FC-1

DNA PACOM LIAISON OFFICE
ATTN: J BARTLETT

JOINT CHIEFS OfF STAFF
ATTN: C3S (ER) ANALYSIS DIV
ATTN: C3S, INFO SYS DIV
ATTN: J-3 STRAT OPNS DIV

JOINT STRAT TGT PLANNING STAFF

ATTN:
ATTN:
ATTN:
3CYS ATTN:
ATTN:
ATTN:
3CYS ATTN:

JLAA
JLK (ATTN: DNA REP)
JLKS
JPPFA
JPSS
JPTM
JPTP

JOINT TACTICAL C3 AGENCY
ATTN: C3A-ARJS
ATTN: C3A-SES

NATIONAL COMMUNICATIONS SYSTEM
ATTN: NCS-TS

NATIONAL SECURITY AGENCY
ATTN: CHIEF A GROUP
ATTN: R.54

OFFICE OF THE SEC OF DEFENSE
ATTN: DOCUMENT CONTROL

U S NATIONAL MILITARY REPRESENTATIVE
ATTN: CISD

UNDER SECY OF DEF FOR RSCH & ENGRG
ATTN: DEPUNDSEC COM SYS
ATTN: DEPUNDSEC C31-STRAT & C2 SYS
ATTN: STRAT & THEATER NUC FORCES

DEPARTMENT OF THE ARMY

HARRY DIAMOND LABORATORIES
ATTN: SCHLD-NW-P
ATTN: SLCHD-NE-EB
ATTN: SLCHD-NW-EA 21100
ATTN: SLCHD-NW-€D
ATiN: SLCHD-NW-EE
ATTN: SLCHD-NW-RH G MERKEL
ATTN: SLCHD-NW-RH R GILBERT 22800
ATTN: SLCHD-NW-RI G HUTTLIN
ATTN: SLCIS-IM-TL 81100 TECH LIB

U S ARMY BALLISTIC RESEARCH LAB
ATTN: SLCBR-SS-TTECH LIB

U S ARMY ENGINEER DIV HUNTSVILLE
ATTN: HNDED-SR

U S ARMY INFO SYS ENGINEERING SUP ACT
ATTN: ASBH-SES

U S ARMY INFORMATION SYS MNGT AGENCY
ATTN: CCM-AD-LB LIBRARY

U S ARMY NUCLEAR & CHEMICAL AGENCY
ATTN: LIBRARY

U S ARMY STRATEGIC DEFENSE COMMAND
ATTN: ATC-R
ATTN: ATC.T

R o &
NN

IR ALY |

2

PRI
AR

LA ':f

b '.f.-',- B

.

e
o

J

v, > ¥ Y T e ¥
A

o .
W

't ‘s e 8 8
RO ey

et




v
DEPARTMENT OF THE NAVY NORAD f_
ATTN: NORAD/J5YX +1
NAVAL ELECTRONICS ENGINEERING -
ATTN: TECHLIB ROME AIR DEVELOPMENT CENTER, AFSC
ATTN: TSLD
NAVAL FACILITIES ENGINEERING COMMAND
ATTN: O4E SPACE COMMAND/DE b
ATTN: DEE
NAVAL OCEAN SYSTEMS CENTER
ATTN: CODE 9642 TECH LIB SPACE DIVISION/IN ;,j:
ATTN: IND -
NAVAL POSTGRADUATE SCHOOL g
ATTN: CODE 1424 LIBRARY SPACE DIVISION/YA

ATTN: YAR -
NAVAL RESEARCH LABORATORY
ATTN: CODE 2627 TECH LIB STRATEGIC AIR COMMAND/NRI-STINFO

ATTN: NRI/STINFO -
NAVAL SURFACE WEAPONS CENTER .

ATTN: CODE H-21 DEPARTMENT OF ENERGY
OFC OF THE DEPUTY CHIEF OF NAVAL OPS EMERGENCY ELECTRIC POWER ADM
ATTN: NOP 981 ATTN: LIBRARY -
SPACE & NAVAL WARFARE SYSTEMS CMD UNIVERS!TY OF CALIFORNIA R
ATTN: TECHNICAL LIBRARY LAWRENCE LIVERMORE NATIONAL LAB -
ATTN: L-53 TECH INFO DEPT LIB =
STRATEGIC SYSTEMS PROGRAMS(PM-1) "
ATTN: NSP-L63 TECH LIB LOS ALAMOS NATIONAL LABORATORY
ATTN: B NOEL :
DEPARTMENT OF THE AIR FORCE R
SANDIA NATIONAL LABORATORIES .
AERONAUTICAL SYSTEMS DIVISION, AFSC ATTN: C N VITTITOE ORG 2322 \-:~
ATTN: ASD/ENES P MARTH ATTN: ORG 2322 E F HARTMAN o
ATTN: ASD/ENSSA ATTN: TECH LIB 3141 v
ATTN: ASD/YYEF
OTHER GOVERNMENT
AIR FORCE AERONAUTICAL SYS DIV/ENACE -
ATTN: ASD/ENACE J CORBIN CENTRAL INTELLIGENCE AGENCY "
ATTN: OSWR/NED -
AIR FORCE COMMUNICATIONS COMMAND ATTN: OSWR/STD/MTB
ATTN: C JAROCKI X
ATTN: LG FEDERAL EMERGENCY MANAGEMENT AGENCY -
ATTN: OPIR M MURTHA
AIR FORCE WEAPONS LABORATORY, AFSC ATTN: SL-EM J HAIN -
ATTN: D H HILLAND
ATTN: NT NATIONAL BUREAU OF STANDARDS "
ATTN: NTAA ATTN: 723.03 Y
ATTN: NTN -
ATTN: NTYC DEPARTMENT OF DEFENSE CONTRACTORS -
ATTN: SUL
AT&T TECHNOLOGIES, INC ~
AIR UNIVERSITY LIBRARY ATTN: W EDWARDS -
ATTN: AUL-LSE -
BDM CORP ,
DEPUTY CHIEF OF STAFF ATTN: CORPORATE LIB :
ATTN: LEEEU s
BDM CORP
ELECTRONIC SYSTEMS DIVISION/SC ATTN: LIBRARY ’
ATTN: SCS-1E -
BOEING CO by
ATTN: M/S 82-09 R SCHEPPE <
-'.
(&
44
N
R N - - - . . et *

“~ -‘. . \' ‘P’..'.."' -".\" et -“'.." \".." \‘ N A . DAL AL IN s e K \ K ‘.- '_. IR b
I Y, Ay 1 LS L G G T A G G LT A A N P U T T s A R e A A



e

"
1ty ‘
Y DEPT OF DEFENSE CONTRACTORS (CONTINUED) KAMAN TEMPO .
| ATTN: DASIAC -
' BOOZ-ALLEN & HAMILTON, INC “
K ATTN: TECHNICAL LIiBRARY METATECH CORPORATION g:‘
) ATTN: W RADASKY X
8 COMPUTER SCIENCES CORP
. ATTN: A SCHIFF MISSION RESEARCH CORP o
s ATTN: J R CURRY 0
‘ EG&G WASH ANALYTICAL SVCS CTR, INC Wy
y ATTN: A BONHAM PACIFIC-SIERRA RESEARCH CORP o,
. ATTN: H BRODE, CHAIRMAN SAGE o]
\ ELECTRO-MAGNETIC APPLICATIONS, INC .
» ATTN: D MEREWETHER PHOTOMETRICS, INC
2CYS ATTN: E MANN ATTN: | L KOFSKY '
> 2 CYS ATTN: W ZIMMERMAN
A PHYSICS INTERNATIONAL CO v
N GENERAL ELECTRIC CO ATTN: DOCUMENT CONTROL
\ ATTN: C HEWISON "
; R & D ASSOCIATES )
HONEYWELL, INC ATTN: DOCUMENT CONTROL 2
ATTN: S&RC LIBRARY
. R & D ASSOCIATES -
a IIT RESEARCH INSTITUTE ATTN: LIBRARY KX
A ATTN: | MINDEL o
N RAYTHEON CO
, INSTITUTE FOR DEFENSE ANALYSES ATTN: G JOSHI Ry
N ATTN: CLASSIFIED LIBRARY
ATTN: TECH INFO SERVICES RAYTHEON CO
. ATTN: B SCHUPP
A IRT CORP
3 ATTN: R W STEWART ROCKWELL INTERNATIONAL CORP
5 ATTN: G MORGAN D256/MC BA36
. JAYCOR ATTN: J ERB D257/MC BB17
. ATTN: E WENAAS
i SCIENCE & ENGRG ASSOCIATES, INC N
JAYCOR ATTN: V JONES T
ATTN: LIBRARY T
, SCIENCE APPLICATIONS INTL CORP IS
. JAYCOR ATTN: W CHADSEY f_
’ ATTN: R POLL 3
[ SCIENCE APPLICATIONS, iINC b
. KAMAN SCIENCES CORP ATTN: P J DOWLING -
ATTN: CORPORATE LIBRARY
a TRW ELECTRONICS & DEFENSE SECTOR =
> KAMAN SCIENCES CORP ATTN: J BROSSIER o
o ATTN: E CONRAD "
: TRW ELECTRONICS & DEFENSE SECTOR ;
KAMAN SCIENCES CORP ATTN: R HENDRICKSON N
ATTN: TECHNICAL LIBRARY
~ TRW ELECTRONICS & DEFENSE SECTOR _
KAMAN TEMPO ATTN: LIBRARIAN o~
. ATTN: DASIAC o
o
v f~
o) "’
e
uf
.‘“
45
EJ
’ )

LI
AR -

- SIS R LT TV St
' R WL PR, S ICOCILeY,




DIVVINICAESC AN B e A et i i e A

“a A N WL WLW ey

ﬁ

R
<
\_

1.4

A b A

AN eIt
YY)
") * d
)

" a1
o
n9
L L ¢
~ -«'?
: iR
o
-~ [ags
~ 0
o N

A

Y
» * " \ .,
’ %
vy .

h &

\ .d .
e e
\'.‘\'.\ e .‘\ \“\'\f \

A ALN # 9 \ \‘\ '.\ '\"'\‘ \"‘
. \.._'. -“. .‘ﬂ ‘. n‘-




